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SECTION 1 
CONCLUSIONS AND RECOMMENDATIONS 
A four-month s tudy program was c a r r i e d  ou t  which included l i m i t e d  
experimental  work t o  determine t h e  f e a s i b i l i t y  of metal  oxygen p r i -  
mary b a t t e r i e s  f o r  mul t ip l e  r e se rve  use.  Cadmium, i r o n ,  and magnesium 
anodes were eva lua ted  coupled with oxygen. The concept c o n s i s t s  of a 
se r ies -connec ted  monoblock t h a t  con ta ins  the  anode, e l e c t r o l y t e ,  oxy- 
gen e l e c t r o d e ,  and a gas-fed manifold.  When power i s  r equ i r ed ,  oxygen 
from a l i gh twe igh t  high-pressure s to rage  v e s s e l  i s  f ed  through a pres- 
s u r e  r educ t ion  r e g u l a t o r  t o  the  monoblock. I n  per iods  of nonuse, t he  
oxygen source i s  c losed  and the  b a t t e r y  remains i n  the  ready cond i t ion .  
The cadmium-oxygen system presented t h e  fol lowing p o s i t i v e  advantages:  
ease  of cadmium p l a t e  cons t ruc t ion ,  t he  c a p a b i l i t y  of a f e a s i b l e  on/of f  
power c o n t r o l ,  t h e  s t a b i l i t y  of cadmium i n  KOH e l e c t r o l y t e ,  and the  
ease  of p l a t e  formation. P l a t e  c o n s t r u c t i o n  simply involves  press ing  
a mixture  of cadmium oxide and s i l v e r  powder i n t o  an e l e c t r o d e  shee t .  
To form t h e  cadmium i n t o  an e l e c t r i c a l l y  a c t i v e  p l a t e  r e q u i r e s  only  
charging i n  KOH over  a per iod of t i m e .  
e f f e c t e d  by merely supplying oxygen t o  the  system and c u t t i n g  o f f  t he  
oxygen. The sponge cadmium appears  s t a b l e  and i s  not adverse ly  a f f e c t e d  
i n  KOH e l e c t r o l y t e .  From tes t s  conducted i n  t h i s  program, 5 t o  10% 
capac i ty  l o s s  w a s  observed i n  one month s to rage  a t  room temperature .  
However,these c e l l s  were not w e l l  s ea l ed .  Other w e t  s tand tes ts  on 
s i l v e r  cadmium and mercury cadmium c e l l s  show good capac i ty  r e t e n t i o n  
f o r  years .  Typical  d i scharge  of s i n g l e  c e l l s  y i e lded  0.9 v o l t s .  Engi- 
neer ing  a n a l y s i s  of complete b a t t e r y  systems shows t h a t  b a t t e r i e s  i n  
t h e  30 t o  45 W-h/lb range should be a t t a i n a b l e .  
An on/off  power c o n t r o l  can be 
4008-Final 1 
Although t h e  magnesium-oxygen sytem o p e r a t e s  a t  a h igher  vo l t age  than  
t h e  cadmium-oxygen system, and r e q u i r e s  less  m a t e r i a l  once e l e c t r o l y t e  
i s  added t o  a magnesium c e l l ,  s e l f -d i scha rge  ensues .  
Sodium c h l o r i d e  w a s  used a s  t h e  e l e c t r o l y t e  i n  the  t e s t  c e l l s ,  and i t  
w a s  found t o  cause r a p i d  s e l f  d i scharge .  I f  t h e  b a t t e r y  were used 
immediately a f t e r  a c t i v a t i o n ,  engineer ing  a n a l y s i s  shows t h a t  energy 
d e n s i t i e s  of 47 t o  81 should be a t t a i n a b l e .  
D i f f i c u l t i e s  were encountered with the  iron-oxygen system i n  prepar ing  
e f f i c i e n t  i r o n  e l e c t r o d e s .  The experimental  d a t a  i n d i c a t e  t h a t  un le s s  
t h e  i r o n  e l e c t r o d e s  g e t  complete p r o t e c t i o n  from the  o u t s i d e  a i r  a f t e r  
t he  r e d u c t i o n  process ,  t h e  ensuing o x i d a t i o n  i s  de t r imen ta l  t o  the  
e l e c t r o d e ' s  e f f e c t i v e n e s s .  The bes t  e l e c t r o d e s  f a b r i c a t e d  achieved 
only 25% u t i l i z a t i o n .  Due t o  the  l ack  of a good base l i n e  and tes t  
d a t a  no engineer ing  a n a l y s i s  was conducted on t h i s  system. However, 
i f  an e f f i c i e n t  e l e c t r o d e  were achieved,  t h e  r e s u l t a n t  b a t t e r i e s  would 
probably have energy d e n s i t i e s  between t h e  Cd and Mg systems. 
From the  r e su l t s  obta ined ,  a number of  a r e a s  r e q u i r i n g  f u r t h e r  i n v e s t i -  
ga t ions  can be de f ined  t o  complete the  development of t he  mul t ip l e  
r e se rve  metal-oxygen b a t t e r i e s ,  S u f f i c i e n t  in format ion  and a n a l y s i s  
has  been gerierated t o  j u s t i f y  a continued e f f o r t .  I n  the  case of 
cadmium oxygen, a d d i t i o n a l  s t u d i e s  should be  undertaken on improving 
the  cadmium e l e c t r o d e  u t i l i z a t i o n ,  and on o b t a i n i n g  more paramet r ic  
d a t a  on e l e c t r o d e  p o r o s i t y ,  e l e c t r o d e  th i ckness ,  ope ra t ing  c u r r e n t  
d e n s i t y ,  and in t e rmed ia t e  duty cyc les .  American Cyanamid oxygen e l e c -  
t r o d e s  were used i n  a l l  of t he  eva lua t ions  undertaken i n  t h i s  program. 
S tud ie s  should be conducted t o  eva lua te  o t h e r  types  of oxygen e l e c t r o d e s  
€or  reduced c o s t s  and improvements i n  performance. Also,  i t  w i l l  be 
necessary  t o  b u i l d  a l a r g e  number of t e s t  c e l l s  and sub jec t  them t o  
various s torage  cond i t ions  and in te rmedia te  duty  cyc le s  t o  o b t a i n  the  
necessary d a t a  on c a p a c i t y  r e t e n t i o n .  With t h e  completion of these  
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t a s k s ,  a complete monoblock b a t t e r y  wi th  a l i g h t w e i g h t  s t o r a g e  tank  
should be b u i l t  t o  demonstrate t h e  t o t a l  b a t t e r y  c a p a b i l i t i e s .  
It would a l s o  b e  p o s s i b l e  t o  purkue t h e  magnesium-oxygen couple .  
t h i s  a r e a ,  e x t e n s i v e  e f f o r t s  are r e q u i r e d  t o  achieve  a d i f f e r e n t  s a l t  
e l e c t r o l y t e  t h a n  t h a t  used i n  t h e s e  s t u d i e s .  
b e  capable  of  suppor t ing  a reasonable  c u r r e n t  d e n s i t y  on an oxygen 
e l e c t r o d e ,  and t h e r e  should b e  l i t t l e  c o r r o s i o n  of t h e  magnesium dur-  
i ng  w e t  s t a n d .  With t h e  achievement of such a n  e l e c t r o l y t e ,  t h e  sys -  
t e m  op t imiza t ions  could b e  conducted, and complete b a t t e r i e s  could be  
b u i l t  and s u b j e c t e d  t o  t e s t i n g .  The achievement of  a compatible  oxy- 
gen e l e c t r o d e  e l e c t r o l y t e ,  magnesium anode, w e t  system would enable  an 
i n c r e a s e  i n  energy d e n s i t y  y i e l d  of a m u l t i p l e  r e s e r v e  b a t t e r y  by a 
f a c t o r  of 2 o r  3 over  t h a t  achieved by cadmium oxygen. To make t h e  
i r o n  system p r a c t i c a l ,  i t  would b e  necessary t o  develop an e l e c t r o d e  
t h a t  i s  capable  of  good u t i l i z a t i o n .  This would involve  t h e  evalua- 
t i o n  of v a r i o u s  types  of  e l e c t r o d e  f a b r i c a t i o n  approaches and the  
accompanying e l e c t r i c a l  t e s t i n g .  
I n  
The e l e c t r o l y t e  should 
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SECTION 2 
INTRODUCTION 
This  f i n a l  r e p o r t  reviews t h e  progress  made on t h e  development of a 
m u l t i p l e  reserve e lec t rochemica l  power source  under NASA Contract  
NAS7-672 over t h e  per iod  of May 1968 t o  August 1968. The program 
o b j e c t i v e  was t o  s tudy  t h e  a p p l i c a b i l i t y  of metal-gas  systems of 
cadmium-oxygen, magnesium-oxygen, and iron-oxygen f o r  m u l t i p l e  r e s e r v e  
u s e .  
Many space a p p l i c a t i o n s  r e q u i r e  i n t e r m i t t e n t  u s e  of  a b a t t e r y  wi th  
long per iods  of  dormancy where no power is  requi red .  Thus, it would 
b e  d e s i r a b l e  t o  have a primary b a t t e r y  t h a t  could b e  p a r t i a l l y  d i s -  
charged,  allowed t o  s i t  without  d e t e r i o r a t i o n ,  and subsequent ly  reused.  
Due t o  t h e  n a t u r e  of e x i s t i n g  primary b a t t e r i e s ,  g radual  d e t e r i o r a t i o n  
i s  encountered dur ing  w e t  s h e l f  l i f e  and t h o s e  systems t h a t  have rela- 
t i v e l y  good w e t  s h e l f  c a p a b i l i t i e s  have a low energy y i e l d .  (Reserve 
a c t i v a t e d  primary b a t t e r i e s  have been developed f o r  one-shot appl ica-  
t i o n s  where long per iods  of s h e l f  l i f e  are  r e q u i r e d ;  t h e  b a t t e r y  i s  
used soon a f t e r  a c t i v a t i o n . )  
The j u s t i f i c a t i o n  f o r  any of t h e s e  r e s e r v e  primary systems i s  t h a t  
they permit t h e  u s e  of a high-energy e lec t rochemica l  system t h a t  gener- 
a l l y  would n o t  meet t h e  s h e l f  l i f e  requirements of t h e  a p p l i c a t i o n .  
The m u l t i p l e  r e s e r v e  concept i s  j u s t  an ex tens ion  of t h i s  c r i t e r i a .  
I d e a l l y ,  t h e  primary b a t t e r y  should be  capable  of p a r t i a l  d i scharges  
wi th  long per iods  of dormancy without  any s e l f  d i scharge .  
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This  program was undertaken t o  e v a l u a t e  a system c o n s i s t i n g  of a 
metall ic anode, oxygen e l e c t r o d e ,  and e l e c t r o l y t e  which are contained 
w i t h i n  a monoblock w i t h  a manifold gas  feed  system. When t h e  b a t t e r y  
i s  t o  b e  d ischarged ,  oxygen gas from a s e p a r a t e  h i g h - p r e s s u r e  s t o r a g e  
tank  i s  f e d  t o  t h e  monoblock. 
I n  per iods  of  dormancy, t h e  oxygen feed i s  c l o s e d  and t h e  w e t  mono- 
b lock  remains i n e r t .  I n  o r d e r  f o r  t h e  system t o  b e  p r a c t i c a l ,  t h e  
anode-oxygen-electrode combination must b e  s t a b l e  i n  t h e  e l e c t r o l y t e .  
Furthermore,  t h e  combined weight of  the oxygen plus i t s  s t o r a g e  v e s s e l ,  
a u x i l i a r y  hardware, and t h e  b a t t e r y  block must r e s u l t  i n  a system t h a t  
has  an a t t r a c t i v e  energy d e n s i t y .  
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SECTION 3 
TECHNICAL DISCUSSION 
3 . 1  METAL-OXYGEN MULTIPLE RESERVE SYSTEM CONCEPT 
The metal-oxygen primary b a t t e r y  o f f e r s  promise f o r  m u l t i p l e  reserve 
a p p l i c a t i o n s .  It i s  based on t h e  u s e  of an anode-electrolyte-oxygen 
e l e c t r o d e  s t a c k  which i s  f ed  oxygen when t h e  b a t t e r y  is  t o  be opera ted .  
To make such a system work, t h e  anode-cathode arrangement has  t o  b e  
s t a b l e  i n  t h e  e l e c t r o l y t e  and have s u f f i c i e n t  s h e l f  l i f e .  
F igure  1 shows a schematic of  t h e  metal-gas  concept u t i l i z i n g  oxygen 
as the gas.  It c o n s i s t s  of t h e  fol lowing:  a m u l t i c e l l ,  se r ies -con-  
nec ted  monoblock which conta ins  t h e  anode, e l e c t r o l y t e  and cathode;  a 
manifold system t o  feed  oxygen t o  t h e  i n d i v i d u a l  ce l l s ;  and a s e p a r a t e  
oxygen s t o r a g e  c o n t a i n e r  wi th  a p r e s s u r e  r e g u l a t o r  and a n  on/of f  va lve .  
The system is  a s e a l e d  arrangement t h a t  r e q u i r e s  only t h e  opening of 
t h e  oxygen gas v a l v e  t o  enable  e lec t r ica l  power t o  b e  drawn from t h e  
s t a c k .  The r e g u l a t o r  i s  set  a t  some r e l a t i v e l y  low p r e s s u r e  ( 5  t o  20 
p s i )  so t h a t  t h e  b a t t e r y  b lock  would n o t  have t o  wi ths tand  h igh  p r e s s u r e .  
The oxygen s t o r a g e  tank would have p r e s s u r e s  up t o  3000 p s i  f o r  good 
compact s t o r a g e .  
3.2 METAL-OXYGEN SYSTEM 
U t i l i z i n g  t h e  package concept descr ibed  i n  t h e  previous s e c t i o n ,  i t  is  
p o s s i b l e  t o  b u i l d  a v a r i e t y  of  metal anode-oxygen systems t h a t  are of  
i n t e r e s t  f o r  m u l t i p l e  r e s e r v e  a p p l i c a t i o n s .  Table  I l i s t s  t h e  anodes 
t h a t  were considered f o r  t h e  b a t t e r y .  
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TABLE I 
ANODIC METALS, THERMODYNAMIC CHARACTERISTICS 
W- h/  l b  EO EO 
Anode Weight gm/A-h Anode C e l l  w i t h  0 2  
Mg 24.31 0.45 2 .69  3 .091 1800 
Fe 55.85 1.04 0.877 1.278 43 2 
Cd 112.41 2.10 0.809 1.210 228 
Operat ing 
C e l l  
Vol tage 
1.50 
0.95 
0.90 
S i n c e  t h e  concept  i s  based on having t h e  anode i n  c o n t a c t  w i t h  t h e  
e l e c t r o l y t e ,  i t  i s  important t o  cons ider  t h e  s t a b i l i t y  o f  t h e  anode 
e l e c t r o l y t e  systems. 
sium hydroxide e l e c t r o l y t e .  Based on p r i o r  exper ience ,  cadmium is 
q u i t e  s t a b l e  i n  potassium hydroxide,  and c a p a c i t y  r e t e n t i o n  f o r  many 
y e a r s  can b e  p r o j e c t e d .  I r o n  has been used i n  n i c k e l - i r o n  b a t t e r i e s  
w i t h  s u b s t a n t i a l  success .  However, t h e s e  b a t t e r i e s  are u s u a l l y  f l o a t e d  
t o  main ta in  c a p a c i t y  r e t e n t i o n  of t h e  i r o n  e l e c t r o d e .  Magnesium re-  
acts  r a p i d l y  i n  a c i d  e l e c t r o l y t e  and p a s s i v a t e s  i n  a n  a l k a l i n e  elec- 
t r o l y t e ;  t h e r e f o r e ,  i t  i s  necessary t o  u s e  a n e u t r a l  s a l t  e l e c t r o l y t e .  
The b e s t  e l e c t r o l y t e  f o r  magnesium b a t t e r i e s  has  been found t o  b e  mag- 
nesium p e r c h l o r a t e .  However, t h e  oxygen e l e c t r o d e  performs very  poor ly  
i n  t h i s  e l e c t r o l y t e  and t h e  most compat ible  oxygen systems c o n s i s t  of 
magnesium c h l o r i d e ,  magnesium bromide, o r  sodium c h l o r i d e  s a l t  elec- 
t r o l y t e b .  The charge r e t e n t i o n  of magnesium i n  t h e s e  s a l t s  v a r i e s ,  
and can b e  improved by t h e  a d d i t i o n  of chromate i n h i b i t o r s .  There- 
f o r e ,  t h e  choice  of anode n a t u r a l l y  w i l l  have a s u b s t a n t i a l  e f f e c t  on 
t h e  energy d e n s i t y  of t h e  complete b a t t e r y  and t h e  t o t a l  w e t  l i f e .  A 
family of b a t t e r i e s  wi th  d i f f e r e n t  energy d e n s i t y  and w e t  s h e l f  l i f e  
c a p a b i l i t y ,  which can be custom designed f o r  a p a r t i c u l a r  a p p l i c a t i o n ,  
i s  p o s s i b l e .  
A cadmium o r  i r o n  system would employ a potas -  
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The t h e o r e t i c a l  W-h/lb va lues  do n o t  t a k e  i n t o  c o n s i d e r a t i o n  t h e  water 
consumed i n  t h e  r e a c t i o n ;  t h e  va lues  f o r  i r o n  were based on a two- 
e l e c t r o n  t r a n s f e r  per  atom wi th  t h e  end product being Fe (OH) I n  
a c t u a l  p r a c t i c e ,  a mixed oxide of i r o n  i s  probably formed, b u t  t h i s  
b a s i s  i s  good enough f o r  comparative purposes .  
2' 
3 . 3  SINGLE CELL CONCEPT 
I n  metal-oxygen and f u e l  c e l l  batteries t h a t  r e q u i r e  a gas  e l e c t r o d e  
r e a c t i o n ,  it i s  necessary t o  provide gas access t o  t h e  r e a c t i n g  s u r -  
f ace .  Previous work conducted i n  t h i s  area revolves  around t h e  use  
of e i t h e r  a l i q u i d  e l e c t r o l y t e  wi th  a wet-proof- type e l e c t r o d e  o r  a 
system of e l e c t r o l y t e  t rapped i n  a c a p i l l a r y  m a t r i x  t o  prevent  f lood-  
ing  of t h e  e l e c t r o d e .  The l i q u i d  system i s  p r e c a r i o u s  and i s  s u b j e c t  
t o  d e t e r i o r a t i o n  wi th  l i f e .  The c a p i l l a r y  system i s  e l e c t r o l y t e -  
l i m i t e d  and a l s o  makes t h e  device r e l a t i v e l y  sensi t ive.  Based on 
p r i o r  a c t i v i t i e s  a t  EOS, a compromise between t h e s e  two approaches was 
pursued i n  t h i s  program, and it  proved q u i t e  a p p l i c a b l e  t o  a m u l t i p l e  
r e s e r v e  primary b a t t e r y .  The concept c o n s i s t s  of  a f looded c a p i l l a r y  
approach i n  which t h e  e l e c t r o d e s  are spaced w i t h  a c a p i l l a r y  m a t r i x ,  
and a small r e s e r v o i r  of e l e c t r o l y t e  e x i s t s  w i t h i n  t h e  c e l l .  This  con- 
cep t  i s  employed i n  most b a t t e r y  systems of a spec ia l -purpose  type  
such as s i l v e r - z i n c ,  nickel-cadmium, silver-cadmium, e t c ,  
Figure 2 i l l u s t r a t e s  t h e  c o n s t r u c t i o n  of t h e  e l e c t r o d e  s t a c k .  It con- 
s is ts  of  t h e  convent ional  p a r a l l e l  e l e c t r o d e  hookup, w i t h  gas  access  
t o  t h e  back s i d e  of t h e  oxygen e l e c t r o d e s  through a d i f f u s i o n  screen  
which i s  open t o  t h e  s t a c k  edge. N a t u r a l l y ,  t h e  key t o  minimizing 
s e l f - d i s c h a r g e  i n  any of t h e  metal-oxygen systems i s  t o  prevent  oxygen 
access  t o  t h e  metall ic anode. This  i s  accomplished by keeping t h e  
mat r ix  i n  c o n t a c t  wi th  t h e  anode r e l a t i v e l y  w e t  and providing an edge 
seal  t o  prevent  oxygen leakage t o  t h e  s i d e  o f  t h e  anode. The edge seal 
4008-Final 9 
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Figure  2 .  Metal-Oxygen Elec t rode  Stack 
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is  accomplished by u t i l i z i n g  a metal f o i l  as t h e  anode c u r r e n t  c o l l e c t o r ,  
bonding t h e  c o l l e c t o r  edge w i t h  a rubber  frame, and p l a c i n g  t h e  a c t i v e  
anode i n  t h i s  frame. By t h i s  technique ,  t h e  anode is  t o t a l l y  enclosed 
and not  s u b j e c t  t o  r e a c t i o n  w i t h  oxygen. F igure  3 shows a photograph 
of t h e  Cd-0 s t a c k  components. 
t r o l y t e  q u a n t i t y  s l i g h t l y  more 
arrangement,  p rovid ing  a small 
c e l l  which acts  as a r e s e r v o i r  
2 
Figure 4 shows the s i n g l e  c e l l  
Such a c e l l  is  f a b r i c a t e d  w i t h  an e l e c - '  
t h a n  t h a t  absorbed by t h e  anode mat r ix  
pool of e l e c t r o l y t e  i n  t h e  bottom of t h e  
f o r  t h e  c e l l  r e a c t i o n .  
case d e s i g n  w i t h  a t t a c h e d  manifold sec- 
t i o n .  By f a b r i c a t i n g  t h i s  s e l f - c o n t a i n e d  c e l l  i n  i t s  own p l a s t i c  con- 
t a i n e r ,  as i s  done i n  many o t h e r  b a t t e r y  systems,  t h e  p r o b a b i l i t y  of  
i n t e r c e l l  e l e c t r o l y t e  leakage and s e l f - d i s c h a r g e  (which would b e  very  
d e t r i m e n t a l  i n  a long l i f e  primary b a t t e r y )  i s  avoided. The c e l l s  of 
t h i s  type  are e l e c t r i c a l l y  connected i n  series and manifolded t o g e t h e r  
t o  a common oxygen s t o r a g e  tank. Provis ion  can r e a d i l y  b e  made w i t h i n  
t h e  manifold between ce l l s  t o  prevent  a l i q u i d  j u n c t i o n .  
3.4  EXPERIMENTAL DATA 
To s e r v e  as a base  l i n e  f o r  t h e  des ign  a n a l y s i s  and t o  demonstrate 
f e a s i b i l i t y ,  a l i m i t e d  number of s i n g l e  ce l l s  were b u i l t  u t i l i z i n g  t h e  
concept as shown i n  Fig.  2 .  A r b i t r a r i l y ,  a 5 t o  10 ampere-hour (A-h) 
c a p a c i t y  c e l l  c o n s t r u c t i o n  was s e l e c t e d  t o  minimize c o s t s  and materials. 
These c e l l s  were subjec ted  t o  e l e c t r i c a l  tes ts  a t  d i f f e r e n t  load l e v e l s  
and rates of d ischarge .  
3 . 4 . 1  CADMIUM-OXYGEN TEST CELLS 
The cadmium-oxygen tes ts  conducted i n  t h e  program employed a c e l l  s t a c k  
such as shown i n  F igs .  2 and 3 .  Oxygen e l e c t r o d e s  employed throughout 
the program were t h e  American Cyanamid AB-6 (9 mg Pt/cm ) t y p e  elec- 
t r o d e .  The mat r ix  employed w a s  a 0 .025-inch-thick potassium t i t a n a t e  
2 
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composite developed a t  EOS f o r  t h e  hydrogen-oxygen f u e l  c e l l  (Ref. 1). 
This material has t h e  d e s i r a b l e  c h a r a c t e r i s t i c s  of low r e s i s t a n c e  i n  
KOH and good e l e c t r o l y t e  abso rp t ion .  It i s  i n e r t  i n  KOH i n  an oxygen 
atmosphere over long pe r iods  of t ime,  swells s l i g h t l y  upon we t t ing ,  and 
when w e t ,  a c t s a s a  good b a r r i e r  a g a i n s t  oxygen d i f f u s i o n  t o  the  anode. 
Nylon p l a s t i c  s c reen  (20 x 20 x 0.010 mesh) was employed f o r  gas d i f -  
fu s ion  purposes .  
w i th  5% t o  10% s i lver  powder. A f t e r  p r e s s i n g ,  t h e  e l e c t r o d e s  were 
charged i n  KOH a g a i n s t  n i c k e l  s h e e t s  i n  a charging c e l l .  They were 
then  washed and d r i e d  i n  p repa ra t ion  f o r  f u t u r e  c e l l  c o n s t r u c t i o n .  
I n i t i a l l y ,  cadmium-oxygen tes t  c e l l s  (approximately e i g h t  A-h theo-  
r e t i c a l  capac i ty )  produced less than  one A-h. The format ion  process  
a t  t h i s  p o i n t  cons i s t ed  of charging t o  200% of t h e  t h e o r e t i c a l  capac i ty  
a t  a rate of one ampere f o r  16 hours .  From r e f e r e n c e  e l e c t r o d e  checks,  
i t  was determined t h a t  t h e  cadmium e l e c t r o d e  was caus ing  t h e  f a i l u r e .  
To e s t a b l i s h  a r e fe rence  p o i n t  f o r  eva lua t ing  t h e  cadmium e l e c t r o d e s ,  
nickel-cadmium b a t t e r y  combinations were b u i l t  u s ing  cadmium tes t  
p l a t e s .  Commercial n i c k e l  p l a t e s  were used as t h e  coun te re l ec t rode  
i n  q u a n t i t i e s  t h a t  would exceed t h e  t h e o r e t i c a l  c a p a c i t y  of t h e  cad- 
mium; consequent ly ,  t h e  l i m i t i n g  f a c t o r  f o r  t h e  c o n t r o l  combinations 
was t h e  cadmium. Using t h i s  technique ,  t h e  i n i t i a l  nickel-cadmium 
c o n t r o l  combination y i e l d e d  3 ampere-hours. However, by reducing t h e  
charge c u r r e n t  from 1.0 ampere t o  0.25 ampere, i n  conjunct ion  wi th  
extending t h e  charge t i m e ,  cons ide rab le  improvements i n  u t i l i z a t i o n  
were achieved.  With t h e  r ev i sed  formation charging procedure,  over 
70% of t h e  t h e o r e t i c a l  capac i ty  w a s  ob ta ined  from t h e  cadmium tes t  
p l a t e s  versus  commercial n i c k e l  e l e c t r o d e s .  
. 
The anodes were cons t ruc t ed  of pressed  cadmium oxide 
Another change a id ing  t h e  cadmium p l a t e  process  was t o  p l a c e  t h e  pressed 
cadmium oxide  d i r e c t l y  i n t o  t h e  cadmium-oxygen c e l l  and form it  i n  p l ace .  
O r i g i n a l l y ,  i t  w a s  intended t h a t  t h e  c e l l  c o n s t r u c t i o n  and assembly would 
b e  a t h r e e - s t e p  process--cadmium format ion ,  washing and dry ing  of t h e  
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cadmium, and f i n a l l y  c e l l  assembly. The wash-and-dry s t e p  of t h e  
formation procedure was e l imina ted  by charging i n  p l ace .  Although 
t h e  wash-and-dry s t e p  of t h e  formation process  has  d e s i r a b l e  merits 
f o r  t h e  Mul t ip l e  Reserve Program, more t i m e  and e f f o r t  are needed t o  
develop t h e  process  t o  t h e  po in t  t h a t  i t  can be e f f e c t i v e l y  included 
i n  t h e  cadmium p l a t e  formation procedure.  
wi th  t h e  wash-and-dry process  i s  s t o r a g e  f o r  f u t u r e  a c t i v a t i o n .  
The b i g  asset t o  be  gained 
Af te r  t h e  p l a t e  capac i ty  had been developed wi th  t h e  u s e  of t h e  n i cke l -  
cadmium c o n t r o l  combinat ions,  s imilar  p l a t e s  were p laced  i n  t e s t  c e l l s  
w i th  t h e  American Cyanamid AB-6 oxygen e l e c t r o d e s .  These b a t t e r y  com- 
b i n a t i o n s  a l s o  y i e lded  an ampere-hour capac i ty  i n  excess of 70% of t h e  
cadmium's t h e o r e t i c a l  capac i ty .  
i s  shown i n  Fig.  5 ,  and a p o l a r i z a t i o n  check i s  shown i n  F ig .  6 .  
A t y p i c a l  Cd-02 b a t t e r y  d i scha rge  mode 
Af te r  t h e  es tab l i shment  of a c e l l  c o n s t r u c t i o n  and des ign  t h a t  was 
capable  of good i n i t i a l  performance, a l i m i t e d  i n v e s t i g a t i o n  was c a r r i e d  
ou t  t o  e v a l u a t e  capac i ty  r e t e n t i o n .  From o the r  work, t h e  c e l l  compo- 
nents  of 0 e l e c t r o d e ,  KT mat r ix ,  and sponge cadmium have a l l  demon- 
s t r a t e d  excep t iona l  s t a b i l i t y .  Ago-Cd c e l l s  are capable  of 70-80% 
capac i ty  r e t e n t i o n  f o r  one year  a t  room temperature  and t h e  loss i s  
probably due t o  t h e  s i l v e r  e l e c t r o d e  (Ref. 2). Sponge cadmium e lec -  
t rodes  employed i n  HgO-Cd cells have demonstrated v i r t u a l l y  no loss i n  
capac i ty  a f t e r  s t o r a g e  a t  165OF f o r  4 months (Ref. 3 ) .  Therefore ,  i t  
can be expected t h a t  t h e  cadmium e l e c t r o d e  w i l l  perform e q u a l l y  w e l l  
i n  t h e  Cd-0 system. The American Cyanamid oxygen e l e c t r o d e  i s  made up 
of P t  b l ack  and Tef lon ,  and i n  c a p i l l a r y  f u e l  c e l l s  i t  has opera ted  f o r  
thousands of hours .  There i s  no reason  t o  expect d e t e r i o r a t i o n  on w e t  
s t and .  
2 
2 
A l i m i t e d  number of c e l l s  were placed on w e t  she l f  l i f e  s tand  t o  demon- 
s t r a t e  the capac i ty  r e t e n t i o n  c a p a b i l i t i e s  of t he  cadmium-oxygen system. 
Although t h e  da ta  from this tes t s  are i n c l u s i v e ,  t he  r e s u l t s  i n d i c a t e d  
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l o s s e s  of c a p a c i t y  i n  t h e  5% t o  10% range over  a one-month s t o r a g e  
per iod  a t  room temperature .  
paren t .  
c e l l  c o n s t r u c t i o n  had been developed, t h e  ce l l s  probably had a l a r g e  
c a p a c i t y  v a r i a t i o n ,  and t h e  c e l l s  a l s o  d i d  not  possess  an  adequate seal 
between t h e  ce l l  body and c e l l  top .  
Three reasons f o r  t h i s  l o s s  a r e  r e a d i l y  ap- 
F i r s t ,  t hese  c e l l s  were b u i l t  be fo re  t h e  advanced techniques of 
The weight of a t y p i c a l  test c e l l  (Fig.  4 )  came t o  a t o t a l  of 132 gms. 
This c e l l  has  a t h e o r e t i c a l  capac i ty  of  8 A-h. 
of t h e  t e s t  c e l l  components i s  l i s t e d  i n  Table  11. 
A complete breakdown 
TABLE I1 
SINGLE CELL WEIGHT ANALYSIS 
( 4 )  Cadmium e l e c t r o d e s  - (0.030 inch  x 2 inches  x 2 inches)  
CdO, s i lvek.  powder 
(4) Oxygen e l e c t r o d e s ,  t a b s  (0,010 inch  x 2.5 inches x 
(2)  Current  c o l l e c t o r  (0.002 inch x 2 . 5  inches x 2.5 inches)  
f o i l  and rubber  frame 
2.5 inches)  
(4) Sepa ra to r s  (0.025 inch  x 2.5 inches  x 2 .5  inches) 
(2) Connectors,  2 screws, 2 washers ,  O-ring 
(3) Gas d i s t r i b u t i o n  sc reen  
E l e c t r o l y t e  
P l a s t i c  case  5/8 inch  x 2 3 /4  inches x 3 11’2 inches  
To ta l  
3.4.2 MAGNE!SI@f-OXYGEN TEST CELLS 
22.5 gm 
12.0 gm 
10 .0  gm 
9.0 gm 
11.0 gm 
4.5 gm 
69.0 gm 
30.0 gm 
33.0 gm 
132.0 gm 
I n v e s t i g a t i v e  work was done wi th  t h e  magnesium-oxygen combination which 
involved t e s t i n g  two d i f f e r e n t  magnesium a l l o y s  us ing  a 10% N a C l  e l e c -  
t r o l y t e  s o l u t i b n .  
one used €or the Cd-0 couple  which was schemat ica l ly  o u t l i n e d  i n  F ig .  2. 
The test c e l l  c o n s t r u c t i o n  was very similar t o  t h e  
2 
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No c u r r e n t  c o l l e c t o r  was needed f o r  t h e  magnesium because t h e  m e t a l l i c  
anode was c u t  from s h e e t s  of magnesium a l l o y  and used w i t h  a s e p a r a t o r  
and oxygen e l e c t r o d e  t o  complete t h e  couple .  
The two a l l o y s  t e s t e d  were t h e  Dow A Z 3 1 B  and t h e  Melmag AE61 wi th  lead .  
F igure  7 shows p o l a r i z a t i o n  curves f o r  t h e  two d i f f e r e n t  hagnesium 
a l l o y s  and t h e  i n d i c a t i o n s  are t h a t  t h e  Melmag i s  t h e  b e t t e r  perform- 
ing  a l l o y .  Corrosion tests were run  on two samples of each a l l o y .  The 
rates of co r ros ion  are i n d i c a t e d  i n  Fig.  8 f o r  t h e  sample& i n  10% N a C l  
e l e c t r o l y t e ,  with and wi thout  t h e  i n h i b i t o r  BaCr04.  
f u r t h e r  i n d i c a t e  t h a t  t h e  Melmag a l l o y  i s  t h e  more a c t i v e  and corrodes 
more completely i n  a s h o r t e r  t i m e  span. 
appears  t o  cor rode  much s lower,  i t  would probably be more a p p l i c a b l e  
t o  a m u l t i p l e  reserve b a t t e r y  a p p l i c a t i o n  than  t h e  Melmag a l l o y .  Fur- 
thermore,  even these  co r ros ion  d a t a  do not  g ive  favorablb  i n d i c a t i o n s  
f o r  magnesium, i n  g e n e r a l ,  f o r  a m u l t i p l e  r e s e r v e  b a t t e r y  system. The 
co r ros ion  ra te  was determined by t h e  c o l l e c t i o n  of H gas  t h a t  r e s u l t e d  
from t h e  d i r e c t  r e a c t i o n  of t h e  magnesium shee t  (0.015 inch th i ck )  w i th  
excess  e l e c t r o l y t e  s o l u t i o n .  
The bor ros ion  d a t a  
However, s i n c e  t he  Dow a l l o y  
2 
Figures  9 and 10 show t h e  continuous d i scha rge  curves  of t e l l s  con- 
s t r u c t e d  wi th  each of t h e  two a l l o y s .  
of t h e  d iminish ing  s u r f a c e  a r e a  due t o  t h e  bui ld-up  of &@(OH) 
magnesium is consumed i n  t h e  d ischarge  process .  
p o i n t ,  t h e  Dow a l l o y  proved t o  be t h e  more e f f i c i e n t  of t h e  two. 
d i scha rge ,  t h e  Dow a l l o y  de l ive red  40% of i t s  t h e o r e t i c a l  capac i ty  
wh i l e  t h e  Melmag a l l o y  produced only 35% of i t s  t h e o r e t i c a l  capac i ty .  
The v o l t a g e  drop-off  i s  a r e s u l t  
as t h e  2 
From a capac i ty  s tand-  
On 
3 .4 .3  IRON-OXYGEN TEST CELLS 
The process  developed f o r  preparing i r o n  oxide  f o r  u s e  ab an i r o n  e l e c -  
t rode  was based on t h e  r educ t ion  of f e r r i c  ox ide  (Fe 0 ) t o  i r o n  i n  a 2 3  
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hydrogen furnace .  S ince  e f f o r t s  t o  reduce v a r i o u s  oxides  t o  i r o n  
e l e c t r o l y t i c a l l y  were less f r u i t f u l  t han  d e s i r e d ,  t h e  hydrogen fu rnace  
method of r e d u c t i o n  was used as an a l t e r n a t i v e .  The r educ t ion  procedure 
c o n s i s t e d  of hea t ing  t h e  Fe 0 
f o r  about 2 hours and then  p l ac ing  t h e  m a t e r i a l  d i r e c t l y  i n  water t o  
minimize o x i d a t i o n  from exposure t o  a i r .  A f t e r  p l ac ing  t h e  reduced 
ox ide  i n  a water b a t h ,  mercuric ox ide  (5%) w a s  added t o  t h e  e l e c t r o d e  
composition. 
it a manner s imi la r  t o  t h a t  i n  which t h e  cadmium e l e c t r o d e s  were t e s t e d  
e a r l y  i n  t h e  c o n t r a c t  pe r iod .  
continuous d i scha rge ,  t h e  i r o n  e l e c t r o d e  has  a s l i g h t l y  h ighe r  i n i t i a l  
v o l t a g e  bu t  does not main ta in  i t s  ou tpu t  over as long a t i m e  per iod  a s  
t h e  cadmium e l e c t r o d e .  
mate ly  1 A-h per 4 grams of a c t i v e  m a t e r i a l  o r  about 25% of the  theo- 
r e t i c a l  c a p a c i t y .  
t o  a tempera ture  of approximately 4OOOC 2 3  
These i r o n  e l e c t r o d e s  were t e s t e d  w i t h  n i c k e l  e l e c t r o d e s  
Tes t  d a t a  ( s e e  Fig.  11), shows t h a t  on 
T e s t  c e l l s  were only  capable of  y i e l d i n g  approxi- 
3 . 5  MONOBLOCK CONSTRUCTION 
A s i x - c e l l  monobloclc w a s  cons t ruc t ed  us ing  cadmium oxide as t h e  metal- 
l i c  e l e c t r o d e .  
of t h i s  b a t t e r y  couple over t h e  magnesium-oxygen and iron-oxygen sys -  
tems as l i s t e d  i n  t h e  conclus ions  and e v a l u t i o n  s e c t i o n ,  two reasons  
were ove r r id ing .  F i r s t  of a l l ,  t h e  magnesium-oxygen system is more 
a p p l i c a b l e  f o r  a primary b a t t e r y  i n  which t h e  requirements are f o r  a 
continuous d i scha rge .  This is  t r u e  because t h e  magnesium e l e c t r o d e  
cor rodes  cont inuous ly  i n  t h e  e l e c t r o l y t e  u n t i l  t h e  metal i s  almost com- 
p l e t e l y  consumed. Second, t h e  i r o n  e l e c t r o d e  c o n s t r u c t i o n  procedures 
could  not  b e  used i n  an e f f i c i e n t  manner because any exposure t o  t h e  
o u t s i d e  a i r  following t h e  r educ t ion  process  would be  harmful t o  t h e  
e l e c t r o d e ’ s  berformance. According t o  t h e  accumulated t e s t  d a t a ,  t h e  
cadmium-oxygen system appears t o  be t h e  one most adap tab le  t o  a m u l t i p l e  
r e s e r v e  a p p l i c a t i o n .  
Although t h e r e  were s e v e r a l  reasons  f o r  p e r f e r r i n g  
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Dimensionally,  t h e  monoblock measures 2 3 / 4  x 3 5/16 x 3 11/16 inches 
and weighs 1 . 2 3  pounds. The s t r u c t u r e  i s  very  similar t o  Fig.  1 wi th  
one oxygen manifold loca ted  near  t h e  t o p  of t h e  monoblock body. For 
t es t  purposes ,  an oxygen source w a s  a t t ached  t o  t h e  oxygen manifold.  
The real  s i t u a t i o n  would employ an oxygen s t o r a g e  v e s s e l  w i th  an oxy- 
gen r e g u l a t o r ,  as w i l l  be  descr ibed  i n  engineer ing  and des ign ,  Sec- 
t i o n  4 .  The case f o r  t h e  monoblock was cons t ruc t ed  of a series of 
connected p l a s t i c  cases similar t o  t h e  s i n g l e  c e l l  des ign  i l l u s t r a t e d  
i n  Fig.  4. These cases were glued t o g e t h e r  t o  form a s i n g l e  g a s - t i g h t  
u n i t ,  and t h e  manifold was then  added. 
Some p o s i t i v e  advantages of t h e  cadmium-oxygen system inc lude  t h e  ease 
of cadmium p l a t e  c o n s t r u c t i o n ,  t h e  c a p a b i l i t y  of a f e a s i b l e  on/off  
power c o n t r o l ,  t h e  s t a b i l i t y  of cadmium i n  KOH e l e c t r o l y t e ,  and t h e  
ease of p l a t e  formation. With t h e s e  advantages i n  mind, a s i x - c e l l  
5 -vo l t  monobloCk was cons t ruc t ed .  
i n  F ig .  12 .  
Test d a t a  f o r  t h i s  system are shown 
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SECTION 4 
ENGINEERING DESIGN AND ANALYSIS 
4.1 MONOBLOCK DESIGN 
TO gain a better insight into and understanding of what a complete battery 
system would look like, a preliminary engineering analysis was con- 
ducted on the cadmium-oxygen and magnesium-oxygen systems. For com- 
parison purposes, each system was designed for a 28V rating, and for 
10 A-h, 50 A-h, and 100 A-h. The design concept employed was that 
which is shown in Fig. 1 and consists of a 31 series-connected cell 
block for the Cd-0 system and a 19 series-connected cell block for 
the Mg-0 system. Since the iron-oxygen system still needs additional 
development before it would be a comparable couple for a multiple re- 
serve battery application, an engineering analysis for this couple was 
not conducted. 
2 
2 
Based on the results of Section 3 ,  projected improvements, weight re- 
ductions, and weight breakdown estimates for the Cd-0 
were prepared. Table I1 shows the results of the Cd-0 systems, and 
Table I11 shows the results of the Mg-O2 systems. 
and Mg-O2 couples 2 
2 
4.2 MULTICELL OXYGEN TANKAGE DESIGN 
For any of the metal-oxygen primary batteries, a pressurizing oxygen 
storage tank is required that should have minimum weight. The quantity 
of oxygen required is a direct function of the watt-hour rating of the 
battery. For the oxygen systems, the weight of oxygen is determined 
by the following: 
0.9 volts or 1.45 volts 
Cd cell Mg cell Weight O2 gas = 1.1 W-h 
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TABLE I1 
CADMIUM-OXYGEN BATTERY DESIGN 
Phase I 
Basis: 10 A-h, 28V, 280 W-h 
Discharge over  5 hour pe r iod :  
Act ive p l a t e  area: 
Operat ing v o l t a g e  pe r  c e l l :  
2A 
16 in! = 103 cm2, e l e c t r o d e  th i ckness  = 0.030 inch 
0.90V, number of c e l l s  = 28V/0.90V M 31 
S ing le  c e l l  des ign:  4 ( 2 x 2 inches)  CdO p l a t e s  
Cadmium 10 A-h x 2 . 1  gm/A-h 
85% u t i l i z a t i o n  
128.41 M W t  CdO (24.7 gm Cd) 
112.41 M W t  Cd 
5% a d d i t i v e s  
2 2 
Oxygen e l e c t r o d e ,  0.4  gm/in. x 16 i n .  
2 2 Gas d i f f u s i o n  s c r e e n ,  0 .2  gm/in. x 16 i n .  
(4) s e p a r a t o r  (2 .25 x 2.25 inches) 0 . 4  gm 
(2) n i c k e l  f o i l  c u r r e n t  c o l l e c t o r  (2 .5  x 2.5  inches)  
(4) rubber  frame 
P l a s t i c  c e l l  ca se  (dua l  u n i t ) ,  5 /8  inch  depth 
E l e c t r o l y t e  
M u l t i c e l l  u n i t :  
(32) i n t e r c e l l  connectors  5 .5  gm x 32 
Man i f o Id  
(2) end p l a t e s  
31 c e l l s  x 108.20 gm (-1 case uni t )  
T o t a l  S tack  Weight 
W-h/lb ( s t ack )  = 280 W-h/7.8 1b = 36 W-h/lb 
21.0 gm Cd/ce l l  
24.7 gm Cd/ce l l  
28.21 gm CdO/cell  
29.70 gm CdOlcell  
6 . 4  gm 
3 . 2  gm 
8 . 0  gm 
3 .6  gm 
5.8 gm 
21.5 gm 
30.0 gm 
108.20 gm 
3340 gm 
176 gm 
12 gm 
1 2  gm 
3540 gm 
-
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TABLE I1 
CADMIUM-OXYGEN BATTERY DESIGN (contd)  
Phase I1 
Basis: 50 A-h, 28V, 1400 W-h 
Discharge over  5 hour pe r iod :  
Act ive p l a t e  area: 
Operat ing v o l t a g e  p e r  c e l l :  
10A 
2 80 i n?  = 515 cm , e l e c t r o d e  th i ckness  = 0.030 inch 
O.90Vy number of c e l l s  = 2 8 V / 0 . 9 0 V ~  31  
S i n g l e  c e l l  des ign:  4 ( 4  x 5 inches)  CdO p l a t e s  
Cadmium 50 A-h x 2.1  gm/A-h 
85% u t i l i z a t i o n  
128.51 M W t  CdO (123.5 gm Cd) 
112.41 M W t  Cd 
5% a d d i t i v e s  
Oxygen e l e c t r o d e ,  0 . 4  gm/in? x 80 in .  2 
2 2 Gas d i f f u s i o n  s c r e e n ,  0 .2  gm/in. x 80 i n .  
( 4 )  s e p a r a t o r  ( 5  x 4 inches)  , 0 . 4  gm/in? x 80 i n?  
( 2 )  n i c k e l  f o i l  c u r r e n t  c o l l e c t o r  (5 .125 x 4.125 
( 4 )  rubber  frame (1/8 inch  s t r i p )  , 0.125 gm/in. x 
E l e c t r o l y t e  
P las t ic  c e l l  case ( 9 / 1 6  x 5 x 5 inches)  
inches) , 0.3 gm/in? x 42.25 i n?  
7 2  i n .  
M u l t i c e l l  u n i t :  
( 3 2 )  i n t e r c e l l  connectors  5.5 gm x 32 
Mani f o I d  
( 2 )  end p la tes  
31 c e l l s  x 440.2 gm (-1 c a s e  u n i t )  
To ta l  S tack  Weight 
105.0 gm Cd/ce l l  
123.5 gm Cd/ce l l  
141.0 gm CdO/cell 
148.5 gm 
32.0 gm 
16.0 gm 
32.0 gm 
12.7 gm 
9.0 gm 
150.0 gm 
40.0 gm 
440.2 gm 
13374 gm 
176 gm 
15 gm 
25 gm 
13590 gm 
30 l b  
W-h/lb ( s t ack )  = 1400 W-h/30 lb  = 46.7 W-h/lb 
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TABLE I1 
CADMIUM-OXYGEN BATTERY DESIGN (contd)  
Phase 111 
Basis: 100 A-h, 28V, 2800 W-h 
Discharge over  5 hour p e r i o d :  20A 
Active p l a t e  area 160 i n ? ,  e l e c t r o d e  th i ckness  = 0.030 inch 
Operat ing vo l t age  per  c e l l :  
S i n g l e  c e l l  des ign:  8 (4 x 5 inches)  CdO p l a t e  
0.9OVy number of c e l l s  = 28V/0.90Vm 31 
Cadmium 100 A-h /ce l l  2 8 2 . 1  gm CdO/cell 
5% a d d i t i v e s  297.0 gm 
Oxygen e l e c t r o d e  0 . 4  gm/in? x 160 in?  64.0 gm 
32.0 gm Gas d i f f u s i o n  sc reen  0 .2  gm/in? x 160 
2 64.0 gm (8) s e p a r a t o r  (5 x 4 inches)  0 . 4  grn/in:! x 160 in .
( 4 )  n i c k e l  f o i l  c u r r e n t  c o l l e c t o r  (5.125 x 4.125 
25.4 gm inches)  0 . 3  gm/in? 
(8) rubber  frames 1/8 inch  s t r i p  0.125 gm/in. x 144 i n .  18.0 g m  
E l e c t r o l y t e  300.0 gm 
gm 
850.4 gm 
P l a s t i c  c e l l  ca se  (9 /8  x 5 x 5 inches)  
M u l t i c e l l  u n i t :  31 ce l l s  x 850.4 (-1 case  u n i t )  26,312 gm 
- 176 gm (32) i n t e r c e l l  connectors  5.5 gm x 32 
30 gm Mani f o I d  
25 gm (2) end p l a t e s  
T o t a l  Stack Weight 26,543 gm 
57.5 Ib 
W-h/lb ( s t ack )  = 2800 W-h/58.5 l b  = 49 W-h/lb 
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TABLE I11 
MAGNESIUM-OXYGEN BATTERY DESIGN 
Phase I 
Discharge over  5 hour p e r i o d :  
Basis: 10 A-h, 2 8 V ,  280 W-h 
Act ive p l a t e  a r e a :  
Operat ing v o l t a g e  per  c e l l :  
S i n g l e  c e l l  des ign:  3 (2 .5  x 2 . 5  inches)  Mg a l l o y ,  t h i ckness  = 0.015 inch 
2A 
28.5 in?  (both s i d e s  of 14.25 in?  Mg a l l o y )  
1.45V, number of c e l l s  = 28V11.45Vm 19 
(3) magnesium a l l o y  10 A-h r equ i r ed  
Assuming 3.5 A-hl9.5 in?  o r  3 .5  A-hl3.1556 gm 
2 2 0.4 gm/in. x 37.5 i n .  
(6) oxygen e l e c t r o d e  (2 .5  x 2.5 i n c h e s ) ,  
(7)  gas d i f f u  ion  sc reen  (2 .5  x 2.5 inches)  
(6) s e p a r a t o r  (2 .5  x 2 .5 inches ) ,  
P l a s t i c  c e l l  case  (0.35 x 2.75 x 3.25 inches)  
E l e c t r o l y t e  
0 .2  gm/in! x 43.7 i n .  2
0 . 4  gmlin? x 37.5 i n .  2
M u l t i c e l l  u n i t :  19 c e l l s  x 98.15 gm ( - 1  case  u n i t )  
(20) i n t e r c e l l  connector  20 x 5 . 5  gm 
Mani f o I d  
(2) end p l a t e s  
T o t a l  S tack  Weight 
9 .45 gm Mg a l l o y / c e l l  
15.0 gm 
8 . 7  gm 
15.0 gm 
20.0 gm 
30.0 gm 
98.15 gm 
1865 gm 
110 gm 
10 gm 
25 gm 
2010 gm 
4 .43  l b  
I
W-h/lb ( s t ack )  = 280 W-h/4.43 l b  = 63 W-h/lb 
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TABLE 111 
MAGNESIUM-OXYGEN BATTERY DESIGN (contd) 
Phase I1 
Basis: 5 0  A-h, 2 8 V ,  1400 W-h 
Discharge over  5 hour p e r i o d :  
Act ive  p l a t e  a r e a :  
Operat ing v o l t a g e  p e r  c e l l :  
S i n g l e  c e l l  des ign:  2 ( 6  x 6 inches)  Mg a l l o y ,  t h i c k n e s s  = 0 . 0 1 5  inch  
( 2 )  magnesium a l l o y  50 A-h r e q u i r e s  4 7 . 2 5  
10A 
142.5  i n ?  (both  s i d e s  of 7 1 . 2 5  i n?  Mg a l l o y )  
1 . 4 5 V ,  number of ce l l s  = 2 8 V I l . 4 5 V m  19 
Assuming 3 . 5  A-hl9.5 i n ?  o r  3 . 5  A - h / 3 . 1 5 5 6  gm 
( 4 )  oxygen e l e c t r o d e s  ( x 6 i n c h e s ) ,  
(5) gas d i f f u s i o n  s c r e e n  ( 6  x 6 i n c h e s ) ,  
0.4 gm/in? x 144 i n .  8
0 .4  gm/in? x 180 
5 7 . 5  gm 
3 2 . 4  gm 
5 7 . 5  gm 2 ( 4 )  s e p a r a t o r  ( 6  x 6 inches)  , 0 .4  gmlin? x 144 i n .  
P l a s t i c  c e l l  c a s e  ( 0 . 3 5  x 6 . 2 5  x 6 . 5  inches)  30.0 gm 
E l e c t r o l y t e  150.0 gm 
3 7 4 . 6 5  gm 
M u l t i c e l l  u n i t :  19 c e l l s  x 374.65  (-1 case u n i t )  7100 gm 
I n t e r c e l l  connectors  
Manif o l d  
End p l a t e s  
T o t a l  Stack Weight 
110 gm 
20 gm 
40 gm 
7270 gm 
-
W-h/lb ( s t ack )  = 1400 W-h/16.1 l b  = 87 W-h/lb 
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TABLE PI1 
MAGNESIUM-OXYGEN BATTERY DESIGN (contd) 
Phase 111 
Bas i s :  100 A-h, 28V, 2800 W-h 
Discharge over 5 hour pe r iod :  20A 
Active p l a t e  a r e a :  
Operating v o l t a g e  p e r  c e l l :  
S i n g l e  c e l l  des ign:  4 (6 x 6 inches)  Mg a l l o y ,  th ickness  = 0.015 inch  
285 in?  (both s i d e s  of 142 .5  in?  Mg a l l o y )  
1.45V, number of c e l l s  = 28V11.45Vw 19 
(4) magnesium a l l o y  100 A-h r e q u i r e s  
Assuming 3 .5  A-h19.5 i n ?  o r  3 .5  A-hl3.1556 gm 
0 .4  gm/in? x 324 in?  x 288 in?  
0 .2  gmlin? x 324 in?  
(8) oxygen e l e c t r o d e  (6 x 6 i n c h e s ) ,  
(9) gas d i f f u s i o n  sc reen  (6 x 6 i n c h e s ) ,  
2 (8) s e p a r a t o r  (6 x 6 i n c h e s ) ,  0 . 4  gmlin? x 288 i n .  
P l a s t i c  c e l l  ca se  (0 .7  x 5 .25 x 5.25 inches)  
E l e c t r o l y t e  
M u l t i c e l l  u n i t :  19 c e l l s  x 729.3 gm ( - 1  c e l l  case)  
I n t e r c e l l  connector 
Manif o Id 
End p l a t e s  
Tot a 1 Weight 
94 .5  gm Mg a l l o y / c e l l  
115.0 gm 
64.8 gm 
115.0 gm 
40.0 gm 
300.0 gm 
729.3 gm 
13250 gm 
110 gm 
40 gm 
40 gm 
13440 gm 
29.6 l b  
W-hllb ( s t ack )  = 2800 W-hl29.6 l b  = 94.5  W-h/lb 
4 
Figure  13 shows t h e  weight of oxygen f o r  b a t t e r i e s ,  assuming 1 .45V/ce l l  
f o r  Mg and 0 . 9  v o l t  per c e l l  f o r  Cd a t  t h e  o p e r a t i n g  v o l t a g e .  The 1.1 
f a c t o r  a l lows  f o r  a 10% oxygen excess.  
c o m p r e s s i b i l i t y  p r e s s u r e  r e l a t i o n s h i p s  are r equ i r ed .  
To opt imize  t h e  tankage weight ,  
F igure  14 shows phys ica l  p rope r ty  d a t a  of  oxygen d e n s i t y  as a f u n c t i o n  
o f  p r e s s u r e  a t  70°F. A t  p r e s su res  i n  t h e  4,000 t o  10,000 p s i  r ange ,  
t h e  gas d e v i a t e s  from t h e  i d e a l  gas l a w  as shown i n  F ig .  14. 
Tankage volume as a func t ion  of b a t t e r y  wat t -hour  and gas s t o r a g e  p r e s -  
s u r e  i s  shown i n  F ig .  15. The tankage weight of a sphe re  can  be  ca l cu -  
l a t e d  from t h e  t h i n  w a l l  p r e s s u r e  v e s s e l  r e l a t i o n s h i p  as fo l lows:  
m 
2 t  c r = -  
Therefore w = 3PVy/20 
Where t = w a l l  t h i ckness  
P = p r e s s u r e  
R = sphe re  r a d i u s  
cr = a l lowable  s t r e s s  
V = volume 
y = t ank  material d e n s i t y  
W = t ank  weight 
The material of t h e  tank  and i t s  s t r eng th - to -we igh t  r a t i o  are t h e  key 
c r i t e r i a .  Two c l a s s e s  of h igh-s t rength- to-weight  materials are avai l -  
a b l e .  The f i r s t  c l a s s  of h igh - s t r eng th  materials inc ludes  aluminum, 
n i c k e l ,  and s t e e l  wh i l e  t h e  second c l a s s  c o n s i s t s  of filament-wound 
materials. 
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Table IV lists the various tank materials available and their physical 
properties (Ref. 4). Figure 16 shows the relationship of storage 
pressure to the tank reactant weight for the different materials. 
The conclusions reached are that a vessel having a tankage-to-reactant 
weight ratio of 1 to 1 is attainable with the first class of materials, 
and the filament-wound vessels are capable of a 0.5 weight ratio of 
tankage-to-reactant. 
pressibility, the optimum oxygen pressure is approximately 2500 psi. 
As a result of the nonlinearity of the oxygen com- 
TABLE IV 
TANK MATERIAL 
Stress/Density (in. x 10 6) Material 
Glass filament wound 1.7 - 2.2 
SS or A1 liners 
Titanium 6 A1-4V 1 .o 
Stainless Steel 301 0.75 
Inconel 718 0.65 
Aluminum 6 A1-4V 0.65 
4.3 BATTERY SYSTEM WEIGHT 
From the results of Subsection 4.1 and 4.2, the complete battery weight 
breakdown is summarized in Table V and graphically presented in Fig. 17. 
The O2 tank weight was taken on a 1 to 1 weight ratio. 
made from various pressure regulator manufacturers, and responses showed 
that regulators from 3/4 l b  to 2 lb are available to take a 2000 to 
3000 psi input and feed 15 psi. The gas flow rate is assumed to be 
relatively slow, and a constant 0.8 lb was taken for the regulator in 
all cases. 
Inquiries were 
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TABLE V 
BATTEXY SYSTEMS WEIGHT SUMMARY 
Stack Stack 0 W t .  0 Tank 0 Reg. T o t a l  T o t a l  
A-h W-h W t  ( l b s )  W-h/lb (fbs) ( f b s )  Mis 2 . W t  ( l b s )  W-h/ l b  
Cd-02 
10 
50 
100 
10 
50 
100 
2 80 7 . 8  36 * 22 ,22 .8.5 9 .5  29.5 
47 1.1 1.1 .81.0 34.0 41.0 1400 30 .O 
2 800 57.5 49 2.2 2.2 .81.5 64 .2  43 .5  
50 
2 80 4 .43  63 .130 .136 .8.5 6.0 47 
1400 16.1  87 .68 .68 .81,0 19.3 7 2 . 5  
2800 29.6 94.5 1.37 1.37 .81.5 3 4 . 7  81  
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